The menisci homogenously distribute load throughout the knee joint. Partial or total removal of the menisci significantly alters the biomechanical properties of the knee, leading to osteoarthritis and articular cartilage degeneration. Many synthetic and natural materials have been tested to find a scaffold that can withstand the natural mechanical forces on the joint. However, currently there are few meniscus tissue replacements available for clinical use. This review addresses tissue engineering of the meniscus, with a primary focus on tissue-engineered scaffolds as current and future models for meniscus replacement. Our review also discusses implant fixation, an area which we believe must be improved in order for meniscal replacements to be successful in vivo. 
Introduction
The human meniscus is a semi-circular structure located in the medial and lateral portion of the knee. The primary role of the meniscus is to absorb and distribute load. During strenuous activity or excessive knee flexion, the force applied to the meniscus increases [1] . The meniscus is likely to tear once the force applied exceeds the mechanical strength of the meniscus [2, 3] .
Meniscal tears are among the most common orthopaedic injuries, and account for more than one million surgical procedures per year in the United States [4, 5] . The high incidence of meniscus injury in the United States is likely associated with an aging population, ample participation in athletics, and the prevalence of obesity among pediatric and adult patients [6] [7] [8] . These stresses can cause tear or lead to premature degeneration of the meniscus, both of which typically require surgery [7, 9, 10] . Partial meniscectomy is usually the surgery of choice for patients experiencing a tear to the meniscus, while total meniscectomy may be necessary in the case of a severe tear or chronic degeneration of the meniscus [9, 11] .
Although a meniscectomy may prove beneficial in reducing acute pain and discomfort, the benefits are often temporary. Also, removing part of the meniscus alters the biomechanical properties of the knee, which can lead to chronic pain, malalignment of the tibia and femur, atrophy of the quadriceps, and joint instability [11] [12] [13] [14] [15] . A high frequency REVIEW of osteoarthritis and bone deterioration proximal to the joint has also been observed in patients following meniscectomy [9, [15] [16] [17] [18] .
Currently, few functional meniscus tissue (MT) replacements are available for clinical use. Allograft implantation, autograft implantation, and various tissue engineering (TE) approaches constitute the current available options; all of which currently pose limitations due to biocompatibility, sizing, availability, or disease transmission [19] . Tissue engineered meniscus replacements, however, show promise in addressing meniscal injury. Numerous efforts to repair or replace MT have been adopted using tissue engineered composites, but primarily fail due to lack of biomimetic features or inadequate mechanical properties [20] . Prior studies suggest that if biomimetic and biomechanical issues can be resolved, then a fully functional tissue-engineered scaffold (TES) is within reach [16, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] .
The objective of this review is to address tissue engineering of the meniscus, with a primary emphasis on current and future TESs for meniscus repair or replacement. This review will also highlight important aspects of implant fixation, an area that requires attention in the literature to improve the success of in vivo meniscus replacements.
Tissue Engineering of the Meniscus
TE offers a unique, interdisciplinary approach to medicine. The disciplines of biology, chemistry, physics, and engineering interact in an effort to artificially generate tissue. Growth of the meniscus is accomplished by seeding of the cells of meniscus, fibrochondrocytes, onto a scaffold ( Figure  1 ) [35] [36] [37] .
Meniscus scaffolds are commonly composed of natural or synthetic biomaterials engineered to repair or replace an injured meniscus. It is important for a TES to possess physical and mechanical properties comparable to native MT. Equally vital, is the need for an efficient attachment A working model for total meniscus replacement using an autologous cell seeding procedure. Cells obtained from an injured meniscus will be isolated, seeded on a TES, and implanted in place of the injured meniscus.
mechanism for scaffold fixation, and to provide a biomimetic surface for cells to attach and flourish.
The idea behind TE of the meniscus is that fibrochondrocytes seeded into an environment analogous to the meniscus will, through elaborate cell extensions, communicate with contiguous cells and the extracellular matrix (ECM) to establish optimal tissue growth and development. In vivo studies have shown that fibrochondrocytes seeded into a scaffold that mimics the microstructure of the meniscus will naturally establish a meniscus-like ECM [30, 38, 39] . However, studies have yet to develop a tissue engineered meniscus scaffold capable of matching the properties and functions of native MT.
Scaffolds
Scaffolds for meniscus TE are generally grouped into two categories: biodegradable scaffolds and permanent scaffolds. Biodegradable scaffolds act as a bridge-like surface, facilitating cell growth from one tissue area to another. Fibrochondrocytes attach to the natural or synthetic scaffold surface and lay the groundwork for the production of fibrocartilage and ECM. As tissue becomes integrated and functional, the biomaterial dissolves and is absorbed by the body. Biodegradable scaffolds are especially applicable for radial or longitudinal tears to the red-white region of the meniscus, an area with insufficient nutrition to facilitate healing [9, 40] . Permanent scaffolds are made using synthetic materials, natural components, or a combination of both composites.
For this review, prosthetics and auto/allograft approaches are considered permanent scaffolds. Permanent scaffolds predominantly act as a structural support for the joint, assuming the biomechanical properties of the injured MT. Permanent scaffolds are often beneficial for patients receiving a total meniscectomy, relieving the force directed upon the articular cartilage (AC) and tibial condyles.
Natural Biodegradable Scaffolds
Silk Fibroin (SF): Natural polymers are attractive candidates for TE because of their availability, biocompatibility, and cost efficiency. SF is a highly applicable polymer derived from the silk-worm and has been previously applied to TE of bone, tendons, and ligaments [41] . The current disadvantages of natural polymers, such as SF, are the limited mechanical strength, foreign body response, and low porosity.
In a recent study, Yan et al. prepared macro/microporous SF scaffolds from silk spun by Bombyx mori. The SF was leached with granular sodium chloride and freeze-dried to produce porous scaffolds ranging from 8-16% SF by weight. When compared to 8% SF scaffolds, 16% SF scaffolds displayed less porosity and interconnectivity but superior mechanical strength [25] . The observed compressive modulus for the 16% SF scaffold was 15.14±1.7MPa, comparable to that of a natural meniscus [25, 39, 42] .
Recognizing the potential of silk-based scaffolds for meniscus TE, Gruchenburg et al. investigated the durability of a porous SF scaffold in vivo [32] . The anterior horn of the medial meniscus was removed from seventeen sheep specimens, and a SF scaffold was sutured into the defect. After six months, the implanted silk scaffold did not present any signs of histologic or immunochemical inflammation. Additionally, no significant macroscopic abnormalities were observed in the articular cartilage of the scaffold and control groups. Mechanical testing reported a higher equilibrium modulus for the scaffold-repaired defect compared to the unrepaired defect, but a weaker equilibrium modulus than that of the natural meniscus [32] .
Cellulose: Cellulose is a natural biopolymer that is secreted by bacteria to form biofilms [43] . Cellulose is biocompatible in the human body and shows good capacity for cellular adhesion [43, 44] . In addition to the attractive properties previously mentioned, the hydrated organization and high mechanical strength of cellulose makes it a promising biomaterial for TE [34] .
Martínez et al utilized Gluconacetobacter xylinus, a bacterium that excretes cellulose, to design a novel micro-channeled cellulose scaffold (MCCS) [45] . The MCCS was seeded with fibroblasts, allowing the cells to adhere and migrate within the scaffold's micro-channels. The authors determined that the MCCS facilitated radial alignment of collagen fibers, with cell proliferation significantly higher in the MCCS than in the unmodified cellulose scaffold [45] .
Synthetic Biodegradable Scaffolds
Polyester: Polymers, such as polyesters, display tremendous promise in the field of TE. Many polyester polymers (PPs) are approved by the FDA for medical use and present a safe, nontoxic surface for cells to grow [24, 29, 33] . PPs are currently on the market as fixation materials, such as sutures, pins, and staples [29, 33, 46] . In addition to being safe for use in the body, the chemical and physical properties of PPs can be easily modified. Combining two or more PPs allows for the manipulation of properties such as molecular weight, degradation time, and hydrophilic or hydrophobic nature [47] . Consumer safety and property manipulability make polyester scaffolds attractive models for meniscal repair.
In a recent study by Esposito et al., PLDLA [poly(L-co-D, L-lactic
acid)] was reinforced with PCL [poly(caprolactone-triol)] in a 90 to 10 ratio (w/w) [24] . This experiment seeded the PP scaffold with fibrochondrocytes, cultured the scaffold in vitro for twenty-one days, and implanted the seeded scaffold into New Zealand white rabbits. Two nylon sutures were woven through the anterior and peripheral region of the seeded scaffold and attached to the perimeniscal capsular tissue for fixation. At twelve and twenty-four weeks, the PLDLA/PCL scaffold showed similar fibrocartilage distribution without significant inflammatory response. The seeded scaffold displayed similar circumferentially and radially aligned fibrocartilage distribution to that of the non-seeded PLDLA/PCL scaffold, with both seeded and non-seeded scaffolds exhibiting higher collagen distribution than the control [24] . Polyester Reinforced Collagen: Collagen is the main fibrous component of the meniscus, making up approximately 70% of the meniscus by dry weight [48] . Circumferentially aligned collagen fibers resist tension and compression of the meniscus, enabling the meniscus to sustain forces induced by flexion of the knee joint [2] . Additionally, collagen's high cellular affinity makes it ideal for use with PPs, creating a reinforced scaffold with adequate porosity.
Balint et al. added PDTDED [poly(desaminotyrosyltyrosine dodecyl ester dodecanoate)
] to a bovine dermal collagen mold [31] . By circumferentially arranging PDTDED fiber in a woven pattern, Balint et al. attempted to construct a resorbable scaffold with mechanical properties appropriate for meniscal function and attachment. The 1000-fiber PDTDED/collagen scaffold displayed tensile strength higher than that of the ovine meniscus and the 500-fiber PDTDED/collagen scaffold. Additionally, the reinforced scaffold showed promise for increased attachment stability at the anterior and posterior horns of the meniscus. However, the need for further compressive stability testing of the PDTDED/collagen scaffold must be addressed [31] . Elastomeric Polyester: Elastomers are synthetic polymers characterized by an elastic profile and a high stress to strain failure [49] . Although elastomers generally possess a Young's modulus lower than that of a natural meniscus, the mechanical properties of elastomers can be tailored to match the mechanical properties of natural tissues [26, 35, 42] . Polyurethane is a highly porous elastomer that has been used as a template to reconnect torn tissue in the vascular region of the meniscus [50] . This thermoplastic is biocompatible in human tissue, and has been observed to degrade in vivo within four years [51, 52] . Polyurethane's high porosity, modifiable profile, and biocompatibility make it an attractive material for TE of the meniscus [49] .
Two unrelated studies examined the in vitro properties, in vivo properties, and the biocompatibility of two similar polyurethane scaffolds [35, 53] . The de Mulder et al. study exhibited fibrochondrocyte proliferation with appreciable collagen orientation at six weeks [35] . However, collagen development did not significantly enhance Young's modulus of the polyurethane scaffold [35] . Verdonk et al. examined fifty-two patients who received relief from arthroscopic partial meniscectomy using an acellular polyurethane scaffold [53] . A biopsy/relook arthroscopy measured the progress of the participants at twelve and twenty-four weeks and the clinical outcome scores measured patient progress at regular intervals. Cartilage stability or improvement was observed in 92.5% of the participants, with only three patients registering cartilage degeneration. Nine individuals experienced treatment or scaffold failure, which were likely associated with the arthroscopic fixation procedure [53] .
Permanent Scaffolds
Tissue-derived Scaffolds: Various allogeneic and xenogeneic derived scaffolds have been successful in patients, relieving pain and providing mechanical support [36, [54] [55] [56] [57] . However, disease transmission and immune rejection continue to plague tissue derived methods [19, 57] . Autograft scaffolds appear to be a more promising prospect, but display mechanical and chemical properties inferior to allograft implants [58] . Although allograft and xenograft scaffolds display comparable biochemical properties to that of the human meniscus, full integration has yet to be achieved [17, 36, 56] . However, if immunogenic factors are controlled, allogeneic and xenogeneic derived scaffolds present a readily available, mechanically stable total meniscus replacement.
A recent study by Moriguchi et al. developed a tissue engineered construct derived from porcine synovial mesenchymal stem cells (SMSCs) [59] . The authors created a 4mm diameter defect to the anterior horn of the medial menisci and implanted the SMSC allograft. At six months, the defects treated by allograft were fully filled, with histologically confirmed integration to the host meniscus. The untreated defects remained unfilled or were partially filled with fibrous tissue, and chondral damage with cartilage legions averaging over 60mm 2 were observed [59] .
An unrelated study by Jiang et al. tested whether a treated xenogeneic scaffold could adequately serve as a total meniscus replacement in an animal model [60] . The study obtained the medial menisci of 24 porcine (xenograft) and 24 rabbits (allograft), irradiated the menisci with gamma irradiation, and froze the meniscus at -80˚C for six to fourteen days. Half of the rabbit specimens received xenogeneic MT, while the other half received allogeneic MT. At twelve weeks, both groups exhibited collagen integration and cell proliferation, but the transplanted xenograft replacement displayed a foreign body response greater than that of the allograft. By week twenty-four, tissue integration increased and foreign body response was not statistically significant between the groups. Both allograft and xenograft groups exhibited degeneration of the AC, but considerably decreased the rate of AC degeneration [60] .
Collagen: Collagen I, the main fibrous component of the human meniscus, has been used in meniscus TE for years due to its biocompatibility, mechanical properties, and availability [47, [61] [62] [63] [64] . In long term studies, collagen implants have proven efficient in improving knee functionality and relieving pain after partial meniscectomy [62, 63] . At this point, the major limitations associated with collagen implants are the low anterior and/or posterior horn attachment stability, low tensile strength, and characteristic scaffold shrinkage [61] [62] [63] .
A recent study by Puetzer and Bonassar investigated an injectable high-density collagen I scaffold for application as a whole meniscus replacement [30] . The authors prepared the scaffold at 10mg/mL and 20mg/mL concentrations, seeded it with fibrochondrocytes, and cultured the cells for up to four weeks with chemical and mechanical testing performed at zero, two, and four weeks. By four weeks, both 10 and 20mg/mL collagen scaffolds exhibited fibrochondrocyte proliferation, linear collagen orientation, an increase in ECM components, and a 3-6 fold increase in equilibrium and tensile modulus. Conversely, contraction of the scaffold decreased the size of the collagen scaffold by approximately 40%. Also, the mechanical properties observed for the collagen implant were still one to two magnitudes less than that of native MT [30] . Double-Network (DN) Hydrogel: Hydrogels are a class of highly hydrated cross-linked polymer networks, characterized by an extreme water-swelling ratio. Mechanical properties and the degradation profile depend on material composition, extent of linkage, and degree of hydration. At this time, hydrogels have been proposed for use in TE, drug and nutrient delivery, and other practical applications [22, [27] [28] [29] [65] [66] [67] . In order to reproduce mechanical properties approaching that of the meniscus and articular cartilage, a new class of hydrogels was developed. DN hydrogels typically consist of a tightly cross-linked polymer network strengthened by a second loosely-linked flexible polymer network. These DN hydrogels offer excellent mechanical properties even at a water content exceeding 90% [28, 29, 66] . [28] . The scaffolds were tested to address whether they would hold under significant attachment stress via suture and acrylic glue. Both DN hydrogels exhibited water content greater than 90% and dynamic stiffness values approaching that of the swine meniscus [68] . Additionally, the DN hydrogels revealed high adhesive strength to removal attempts, and suture tear-out strength comparable to that of the swine meniscus [68] . Due to attractive mechanical strength and attachment properties, DN hydrogels may be the future of meniscus TE [28, 29] . Nano-composite Reinforced DN Hydrogel: Nanocomposite hydrogels present an attractive model for TE and have been observed to impart new chemical and mechanical properties on hydrogels [26, 27] . With DN hydrogels already possessing properties approaching that of native MT, the addition of nanoparticles has the potential to control water content and produce a DN hydrogel with mechanical properties exceeding that of a native meniscus [29, 68] . Poor mechanical strength is often the cause of a scaffold tear or attachment failure, so exceeding the mechanical properties of the native meniscus is an attractive proposition.
A recent study reinforced a PAMPS/PAA hydrogel with grafted silica nanoparticles [27] . The study adjusted the size of the nano-spheres and percent weight composition in an attempt to achieve maximum compressive strength. A maximum elastic modulus (0.33±.01MPa) and fracture stress (73.5±2.56MPa) was observed when PAMPS/PAA was reinforced with 300nm 1% grafted silica. The results observed in the Wang et al. study correlate to an overall increase in polymer network density, confirming that reinforcing DN hydrogels with synthetic composites provides a scaffold with mechanical strength appropriate for total meniscus replacement [27] .
Conclusion
The field of meniscus TE has achieved tremendous advancement, but there is still progress to be made. In this review, we have addressed tissue-engineering scaffolds as a potential model for meniscus repair or replacement. Current research has developed TESs that possess many attractive qualities; however, one scaffold has not yet simulated the physical and chemical properties of native meniscus. Additionally, scaffold fixation still presents a significant challenge to the field.
The optimal scaffold for meniscus tissue engineering must compare to the mechanical properties of native meniscus, adequately attach to the ligamentous network of the meniscus, and establish an extracellular matrix upon tissue integration. A scaffold that effectively meets these parameters will likely replace insufficient methods, such as allografts and collagen implants, as the new standard for meniscus repair and replacement.
